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ABSTRACT

Modeling of laser-induced optics damage has been introduced to benchmark existing optic usage at the National Ignition 
Facility (NIF) which includes the number of optics exchanged for damage repair.  NIF has pioneered an optics recycle 
strategy to allow it to run the laser at capacity since fully commissioned in 2009 while keeping the cost of optics usage 
manageable.  We will show how the damage model is being used to evaluate strategies to streamline our optics loop 
efficiency, as we strive to increase the laser shot rate without increasing operating costs.
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1. INTRODUCTION

Laser-induced damage in optics is a critical element in managing the operation of megajoule (MJ)-class lasers such as 
National Ignition Facility (NIF)1,2 for inertial confinement fusion (ICF) and high energy density science experiments. 
Decades of studies on this topic have yielded a much better understanding of the initiation and growth3-16 of laser-
induced damage in optics, although most of the research was done in offline facilities with limited area sampling.  
Recent damage initiation modeling results of NIF operation17 have shown that offline damage testing results are 
consistent with online operation data.  However, the previous online studies17 have been heavily focused on the initiation 
of damage sites on fused silica optics under UV illumination while damage growth usually limits the operation of NIF18.  
The early recognition of the potential consequences of laser-induced damage on NIF high-fluence operation have helped 
shepherd the development of the NIF loop processes to mitigate the effect of laser-induced damage on the operation of 
the laser facility.      

The NIF loop strategy19 consists of recycling optics by repairing individual damage sites, thus allowing a single 
optic to be used multiple times before it needs to be refinished or replaced (Figure 1).  This assures that NIF can operate 
at the maximum energy while minimizing the cost of replacing optics.  Currently, NIF uses localized intra-beam light 
blockers to temporary impede the growth of the laser-induced damage sites that are on the verge of growing too big to be 
repaired19; however there is a limit on how many of these blockers can be deployed for each laser beam.  As a result, the 
length of time an optic may remain installed is determined by the growth rate of these damage sites.  In this work, we 
will present simulation results using our damage model (OpticsX) which show the ability to predict the loop operation of 
NIF fused silica final optics – the wedged focus lens (WFL) and the grating debris shield (GDS) – which function as the 
focusing element and the diagnostic element (for laser energy sampling) for NIF (see Figure 1), respectively.  These 
results can help support our supply planning as they provide verification that our model is able to properly predict the 
usage of optics in support of laser operation.  Furthermore, this would be an invaluable tool as we strive to improve the 
efficiency of the NIF Loop.



Figure 1:  NIF loop recycle schematic which including the final 3 optics: wedged focusing lens (WFL) and the grating debris 
shield (GDS)

2. METHODOLOGY

The optics recycle loop allows laser-induced damage to initiate and grow online with the damage status being frequently 
updated using the NIF in-situ optics inspection system (FODI20,21) to ensure damage sites do not grow to a size beyond 
which they can be repaired. 22  Sites close to this size limit can be blocked, which consists of placing an opaque mask on 
the laser beam spatially in line with where the damage site is located, preventing further laser exposure of the damage 
site and thus arresting its growth.  However, too many blockers will directly reduce the energy output of the beams, as a 
result, there is a limit on number of blockers allow on a quad (i.e. 4 adjacent beams of NIF).   Once the maximum 
blockers on a quad are reached, then one of the optics is removed to be repaired – usually the optic with the most 
blockers.  The optic is then sent to the mitigation facility where all the FODI-identified damage sites are laser repaired 
and the optic can be put back online.  Although optic usage is due directly to laser-induced damage initiation and 
growth, currently optic usage is driven by damage growth.  This is because we are running the laser in a regime where 
we have more damage sites per optic than available blockers.  In this regime, the number of damage sites does not scale 
linearly with how long an optic can last before it needs to be exchanged.  Table 2 shows simulation results on changes on
exchange rates (i.e. how many shots an optic can last) vs. the number of damage sites for various initial damage site 
sizes (Do).  It shows that a 10x increase in damage sites does not yield a 10x increase in exchange rate but a fraction of 
it; this is because it only takes the fastest growing sites to determine the exchange rate, and these competitions to become 
the fastest growing sites scale sub-linearly.  Consequently, having a larger initial damage size reduces the sensitivity of 
number of damage sites on exchange rate.  The relative insensitivity of the number of damage sites allow us to seed each 
optic with estimate number of damage sizes that our online inspection system (FODI) provides. Due to the resolution of 
the FODI, the initial size we use is 35 m.   This does not necessarily mean that there aren’t damage sites under 35 m, 
just that these smaller sites do not impact the exchange rates.



Table 1:  Simulation covers a large number of shots and the resultant exchanges for both WFL and GDS.

Initial Size D
0

(µm)

N=10 Sites 
(shots till 
exchange)

N=100 Sites 
(shots till 
exchange)

Increases in 
exchange rate

15 1250 375 3.3x
25 500 130 3.8x
35 110 80 1.4x

For this study, we will focus on the growth component of the model to attempt to predict the number of the 
exchanges for both WFL and GDS on each of the 192 beamlines of NIF from 2013 to spring of 2015.  Although NIF has 
been operational since 2009, we choose 2012 as the start date because of the evolution of the optics processing and our 
exchange strategy began to mature.  This is an extensive effort as 2+ years of operation consists of tens of thousands of 
beamline-shots (i.e. shots participated by each beamline) (see Table 1).  We choose beam-shots because although NIF 
consists of 192 beamlines, not all beamlines participate in every shot. For example, some shots will have 192 beamlines 
participate (192 beamline-shots) and some will have only 4 beamlines participate (4 beamline-shots).  The shot history 
of each beamline is first gathered along with its laser shot parameters (i.e. shot energy, pulse shape, etc.).  Furthermore, 
because each beamline has its own unique shot history, it also has its own unique optic exchange history.  In order to 
accurately present the initial and final condition of the shot history, the starting point of each simulation begins when an 
optic is exchanged online and ends at when the optic is last exchanged.  This means that each beamline will have a 
slightly different start and end date as well as the number of shots simulated.  Furthermore, there is a separate, distinct 
shot plan for WFL and GDS (because WFL and GDS are exchanged independently of one another).  As a result, the total 
shots for WFL and GDS simulated are slightly different because of when an optic is first installed in 2013 and last 
removed in spring of 2015 for each beamline.

Table 2:  Simulation covers a large number of shots and the resultant exchanges for both WFL and GDS.

Beamline Shots Exchanges
WFL ~42,000 ~600
GDS ~59,000 ~1,600

The same simulation parameters used for the WFL were applied to simulate GDS exchange with only a few 
adjustments.  One adjustment is that the GDS has a smaller beam area and hence 3.5% higher fluence due to focusing of 
the WFL (see Figure 1).  Furthermore, more damage is observed on the GDS above and beyond what can be accounted 
for by the higher fluence. We adjust the difference in the number of damages sites accordingly to reflect the observed 
data (GDS ~ 75 sites/optic, WFL ~20 sites/optic). A potentially important difference between how the system is actually 
operated and how we ran our simulation, is that in our simulation each beam for each optic type is being simulated 
independently.  In operation, every four neighboring beams (i.e. a quad) share the same input from master oscillator and 
share the same blocker allocation (20/quad).    In our simulation, we assume that each beam has the same proportional 
blocker allocation.  At first glance, it would seem that 20 blockers allocated to 4 identical beams (with 2 optics (WFL + 
GDS) per beam) would yield only 2.5 blockers per beam per optic.  However, because of the nature of the exchange 
strategy, the optics installation dates across a quad becomes staggered. As a result, the recently installed optics need few 
or no blockers making an average of 5 available for the optics near the end of their installation.  Hence we used an 
average blocker availability of 5 for each simulation.

3. RESULTS

The WFL data set consists of over 42,000 beam-shots or an average of around 220 shots per beam.  If we plot the total 
accumulated exchanges across the 192 beams, it will be ~600 exchanges (see Figure 2).  If we integrate all of the 
exchanges across NIF and plot vs. time, we can see that our projections are within ~16%.  The GDS analysis data set



consist of over 59,000 beam-shots which results to around 300 shots per beam.  If we plot the total accumulated 
exchanges across the 192 beams, it comes to ~1600 exchanges (see Figure 2).  The results indicate that our prediction
generally lags over time, under-predicting by ~17% after 24 months.

Figure 2:  Plot of number of optics exchange vs. time comparing the data vs. model for GDS (left) and WFL (right).

However, as we have discussed, the WFL and GDS optic exchanges are governed by shared blocker availability so if the 
operator at any given moment in time decides to preferentially exchange WFL instead of GDS, it would change the 
trajectory of each optics exchange.  In this regard, we should combine the results of both WFL and GDS with respect to 
our model results.  Note the loop costs are virtually the same for both optic types.  Figure 3 plots the accumulated 
damage initiation and exchanges combining both WFL and GDS optics.  The model was remarkable in that it was able to 
correctly predict to within 5% of the total number of optics exchanged.

Figure 3:  Plot of number of optics exchanges vs. time with both GDS and WFL added together shows the excellent agreement 
between data and model.



4. CONCLUSIONS

Damage modeling for NIF allows calculation of optics usage in support of the NIF optics loop strategy.  We have 
demonstrated our ability to simulate the recycle loop process which is based on accurate modeling of the damage process 
as well as the operator’s rules of engagement.  We are able to predict the exchange rates for NIF (2012-2015, ~60,000 
shots) within 95% accuracy using our model.  This validates our improved understanding of the relevant parameters and 
behaviors that contribute to optics usage and is a potential valuable tool for predicting future operation strategies.

ACKNOWLEDGMENTS

The authors would like to acknowledge our wonderful colleagues at NIF for their contributions: D. Cross, M. Negres, M. 
Norton, R. Raman, and OSL team for insightful reviews and the offline damage data and rules that are the heart of the 
damage model.   We would also like to thank useful discussions and contributions with our colleagues Pam Whitman, 
Laura Kegelmeyer, Raelyn Clark, and Brett Raymond.

This work is performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National 
Laboratory under Contract DE-AC52-07NA27344 and funded through LLNL office of LDRD. (LLNL-PROC-697268)

REFERENCES

[1] P. Wegner, J. Auerbach, T. Biesiada, S. Dixit, J. Lawson, J. Menapace, T. Parham, D. Swift, P. Whitman, and 
W. Williams, "NIF final optics system: frequency conversion and beam conditioning," P Soc Photo-Opt Ins 
5341, 180-189 (2004).

[2] C. A. Haynam, P. J. Wegner, J. M. Auerbach, M. W. Bowers, S. N. Dixit, G. V. Erbert, G. M. Heestand, M. A. 
Henesian, M. R. Hermann, K. S. Jancaitis, K. R. Manes, C. D. Marshall, N. C. Mehta, J. Menapace, E. Moses, 
J. R. Murray, M. C. Nostrand, C. D. Orth, R. Patterson, R. A. Sacks, M. J. Shaw, M. Spaeth, S. B. Sutton, W. 
H. Williams, C. C. Widmayer, R. K. White, S. T. Yang, and B. M. Van Wonterghem, "National ignition facility 
laser performance status," Applied Optics 46, 3276-3303 (2007).

[3] M. A. Norton, E. E. Donohue, M. D. Feit, R. P. Hackel, W. G. Hollingsworth, A. M. Rubenchik, and M. L. 
Spaeth, "Growth of laser damage in SiO2 under multiple wavelength irradiation - art. no. 599108," Laser-
Induced Damage in Optical Materials: 2005 5991, 99108-99108 (2005).

[4] C. W. Carr, M. D. Feit, M. C. Nostrand, and J. J. Adams, "Techniques for qualitative and quantitative 
measurement of aspects of laser-induced damage important for laser beam propagation," Measurement Science 
& Technology 17, 1958-1962 (2006).

[5] C. W. Carr, J. B. Trenholme, and M. L. Spaeth, "Effect of temporal pulse shape on optical damage," Applied 
Physics Letters 90(2007).

[6] M. A. Norton, E. E. Donohue, M. D. Feit, R. P. Hackel, W. G. Hollingsworth, A. M. Rubenchik, and M. L. 
Spaeth, "Growth of laser damage on the input surface of SiO2 at 351 nm - art. no. 64030L," Laser-Induced 
Damage in Optical Materials: 2006 6403, L4030-L4030 (2007).

[7] M. A. Norton, A. V. Carr, C. W. Carr, E. E. Donohue, M. D. Feit, W. G. Hollingsworth, Z. Liao, R. A. Negres, 
A. M. Rubenchik, and P. J. Wegner, "Laser damage growth in fused silica with simultaneous 351 nm and 1053 
nm irradiation," Proceedings of the SPIE - The International Society for Optical Engineering 7132, 71321H 
(71328 pp.)-71321H (71328 pp.) (2008).

[8] R. A. Negres, M. A. Norton, Z. M. Liao, D. A. Cross, J. D. Bude, and C. W. Carr, "The effect of pulse duration 
on the growth rate of laser-induced damage sites at 351 nm on fused silica surfaces," Proceedings of the SPIE -
The International Society for Optical Engineering 7504, 750412 (750410 pp.)-750412 (750410 pp.) (2009).

[9] C. W. Carr, J. D. Bude, and P. DeMange, "Laser-supported solid-state absorption fronts in silica," Physical 
Review B 82(2010).

[10]C. W. Carr, J. D. Bude, N. Shen, and P. Demange, "Temperature activated absorption during laser-induced 
damage: The evolution of laser-supported solid-state absorption fronts," in Laser-Induced Damage in Optical 
Materials: 2010, G. J. Exarhos, V. E. Gruzdev, J. A. Menapace, D. Ristau, and M. J. Soileau, eds. (2010).



[11]R. A. Negres, M. A. Norton, D. A. Cross, and C. W. Carr, "Growth behavior of laser-induced damage on fused 
silica optics under UV, ns laser irradiation," Optics Express 18, 19966-19976 (2010).

[12]Z. M. Liao, J. Huebel, J. Trenholme, K. Manes, and C. W. Carr, "Modeling max-of-N fluence distribution using 
measured shot-to-shot beam contrast," Applied Optics 50, 3547-3552 (2011).

[13]R. A. Negres, Z. M. Liao, G. M. Abdulla, D. A. Cross, M. A. Norton, and C. W. Carr, "Exploration of the 
multiparameter space of nanosecond-laser damage growth in fused silica optics," Applied Optics 50, D12-D20 
(2011).

[14]R. A. Negres, G. M. Abdulla, D. A. Cross, Z. M. Liao, and C. W. Carr, "Probability of growth of small damage 
sites on the exit surface of fused silica optics," Optics Express 20, 13030-13039 (2012).

[15]Z. M. Liao, G. M. Abdulla, R. A. Negres, D. A. Cross, and C. W. Carr, "Predictive modeling techniques for 
nanosecond-laser damage growth in fused silica optics," Optics Express 20, 15569-15579 (2012).

[16]R. A. Negres, D. A. Cross, Z. M. Liao, M. J. Matthews, and C. W. Carr, "Growth model for laser-induced 
damage on the exit surface of fused silica under UV, ns laser irradiation," Optics Express 22, 3824-3844 (2014).

[17]Z. M. Liao, B. Raymond, J. Gaylord, R. Fallejo, J. Bude, and P. Wegner, "Damage modeling and statistical 
analysis of optics damage performance in MJ-class laser system," in Optics Express, (2014).

[18]Z. M. Liao, M. Nostrand, P. Whitman, and J. Bude, “Analysis of optics damage growth at the National Ignition 
Facility,” Proceedings of the SPIE - The International Society for Optical Engineering 9632, 963217 (2015).

[19]M. L. Spaeth, P. J. Wegner, T. I. Suratwala, M. C. Nostrand, J. D. Bude, A. D. Conder, J. A. Folta, J. E. 
Heebner, L. M. Kegelmeyer, B. J. MacGowan, D. C. Mason, M. J. Matthews, and P. K. Whitman, “Optics 
recycle loop strategy for NIF operations above UV laser-induced damage threshold,” Fusion Sci. & Tech 69, 
(2016).

[20]A. Conder, J. Chang, L. Kegelmeyer, M. Spaeth, and P. Whitman, "Final Optics Damage Inspection (FODI) for 
the National Ignition Facility," Optics and Photonics for Information Processing Iv 7797(2010).

[21]L. M. Kegelmeyer, R. Clark, R. R. Leach, D. McGuigan, V. M. Kamm, D. Potter, J. T. Salmon, J. Senecal, A. 
Conder, M. Nostrand, and P. K. Whitman, "Automated optics inspection analysis for NIF," Fusion Eng Des 87, 
2120-2124 (2012).

[22] J. A. Folta, M. C. Nostrand, J. Honig, N. N. Wong, F. Ravizza, P. Geraghty, M. G. Taranowski, G. W. Johnson, 
G. R. Larkin, D. Ravizza, J. E. Peterson, B. J. Welday, and P. J. Wegner, “Mitigation of laser damage on NIF 
optics in volume production,” Proceedings of the SPIE - The International Society for Optical Engineering 
8885, 88850Z (2013).


